Introduction
3D bioprinting technology offers potential to address some difficulties that have impeded progress in tissue engineering applications, [1] such as the formation of complex structures for tissue-specific needs, maintenance of mass transfer of nutrients in scaffolds, and time-consuming material processing followed by tissue culture. Biological ink (bioinks) are core to 3D www.advancedsciencenews.com www.advhealthmat. de Silk fibroin protein (termed silk hereafter) obtained from natural silk fibers through a degumming process to remove immunogenic sericin protein can be processed into a variety of biomaterials including 3D sponges, films, hydrogels, nanofibers, nano-and microparticles, among other formats. [16] Silk biomaterials are nontoxic, nonimmunogenic, [17] biocompatible, and have been approved by the United States Food and Drug Administration for use in the human body in some medical products. Thus, silk has also been considered as a candidate for 3D bioprinting, as the protein polymer chains can be physically crosslinked through intermolecular and intramolecular β-sheet structure formation via hydrophobic interactions to stabilize the materials without the need for chemical or photochemical reactions or additives. Thus, these biophysical interactions can be carried out after printing for the stabilization process, including techniques that are compatible with cells used in silk-based printing inks. [18] Options to stabilize the structures include enzymatic crosslinking by mushroom tyrosinase, [19] physical crosslinking by glycerol, [20] crosslinking with silk nonofibrils, [21] and the formation of β-sheet physical crosslinks via many options including energy input or dehydration, [22] where the extent of β-sheet physical crosslinks impacts mechanical properties of the gels, as well as the rates of degradation in vivo. [23] Silk bioinks were obtained by directly injecting 28-30% (w/v) silk solution into a container containing 86% ethanol. [24] The ink adhered to the base material or the prior silk layer upon injection through a flexible printing nozzle, and the strength and toughness of the ink after curing was sufficient to support 3D structures. Silk scaffolds obtained supported the adhesion and proliferation of human bone marrow mesenchymal stem cells (hMSCs) due to the porous structure formed in the gel matrix to support nutrient transport. Based on this study, silk bioinks were modified by adding hydroxyapatite (hydroxyapatite, HA) into the silk solution. [25] The ink could be printed directly on the substrate material, with the 3D structures maintained with solidification after immersion in 80% methanol, which induced silk β-sheet structure formation in a few seconds. The printed silk/HA scaffolds were used for the coculture of hMSCs and human breast micro vascular endothelial cells to form bone-like tissues in vitro. A self-curing system was also developed in which gelatin was mixed with silk to generate rheologically useful systems, along with self-curing, to form water insoluble 2D and 3D printed constructs with good mechanical properties and high resolution features. [20, 26] The effects of different concentrations of silk/gelatin (w/w = 1/1) composite bioinks were studied for printability, rheology, Young's modulus, printing fidelity, and related features. Changing silk concentration resulted in 3D constructs with mechanical strength suitable for soft tissue repairs. [20] Biomimetic cheeks for implants were printed and implanted in rats and after 3 months the cheek implants retained their original shape, demonstrating the effectiveness of silk/gelatin for 3D printing bioinks to build soft tissues. [20] Although the thermal-sensitive gelatin helped to maintain the shape of the printed constructs initially, the relative slow phase transition did not favor the formation of 3D networks.
Recently, a new injectable silk hydrogel system was developed using low molecular weight polyethylene glycol to control silk gelation (β-sheet structure formation) and to improve the lubricity of hydrogels. [27] The system was characterized for gelation time and mechanical properties controlled by the PEG and silk concentrations. Since PEGs are safe, bioinert polymers, and widely used as drug excipients in the pharmaceutical industry, silk/PEG hydrogels are useful to consider for bioinks. Thus, the goal of the present work is to exploit silk-PEG systems for 3D cell printing. Two different types of constructs were tested in the study: the noncellularized silk-PEG gels with PEG removed after printing to obtain the final constructs; the other, cellularized silk-PEG hydrogels without removal of PEG. hMSCs were mixed with silk, and then further mixed with PEG, to form bioink gels. The printability and cell behavior in these silk/PEG bioink gels were systematically evaluated.
Results and Discussion
Compared to low concentration silk gels (2.5%, w/v), silk gels in a high concentration range (5%, 7.5%, w/v) showed better shape fidelity during printing, especially after the 3D printed constructs were incubated in phosphate-buffered saline (PBS) over 24 h ( Figure S1 , Supporting Information). The fidelity of the printing process was determined qualitatively through imaging in this study. It would be interesting to investigate the fidelity in a quantitative way in future studies by measuring fiber diameter and fiber spacing of the printed constructs. The constructs were stable in aqueous solution, with the 7.5% (w/v) gel construct retaining its 3D shape in cell culture medium for more than 12 weeks ( Figure S2 , Supporting Information). We then chose 3.75%, 7.5%, and 10% (w/v) silk gels for silk bioink preparation and characterization. Compared to the 7.5% (w/v) gel, the 3.75% (w/v) gel was too soft to maintain its shape after printing, whereas the 10% (w/v) gel was too stiff to be injected through the nozzle. Thus, to evaluate the printing resolution and shape fidelity of silk/PEG bioinks, constructs were designed and printed with different sizes and heights using the 7.5% (w/v) gel concentration (Figure 1) . The disk-shaped constructs with mesh structure were printed to test the printing resolution. When the height of the disk was set at six layers, the minimal diameter of the construct could reach 13 mm ( Figure 1A ). The pores in the disk were around 1 mm ( Figure S3 , Supporting Information). The injection of silk/PEG bioink gel was smooth and the gel after injection exhibited excellent mechanical strength, thus allowing multiple layer constructs to be printed on top of each other. Up to 25 layers (corresponding to 2 cm) could be stacked to form constructs with high shape fidelity and a linear relationship between the number of layers and the height of the construct ( Figure 1B ).
Silk Secondary Structures
The printed silk/PEG bioink gels were subjected to Fourier transform infrared spectroscopy (FTIR) measurements, and the peaks shown in the amide I region (1595-1705 cm −1 ) were analyzed to indicate silk structural features (Figure 2A) . Silk bioinks were dominated by β-sheet structure, as seen by a major peak at 1621 cm −1 in the amide I region, while the peaks present at 1650 cm −1 were assigned to random coils, consistent with www.advancedsciencenews.com www.advhealthmat.de previous reports. [27] The peaks assigned to β-sheets (1621 cm −1 ) showed higher intensities in the PEG-silk gel than in the sonicated silk gel, suggesting a higher content of β-sheet structure in this case. The contents of β-sheets, random coils, and alphahelices and turns were calculated after deconvolution of the amide I peaks ( Figure 2B ). [28] The content of β-sheet structure for the silk/PEG gels was in a range of 56.8-62.7% with insignificant difference (p > 0.05) between different samples, while for the sonicated gel it was 47.7% ± 1.8%. This is the first time the secondary structures of the two types of silk hydrogels (silk/ PEG and sonicated silk hydrogel) were compared in the same study. Interestingly, the results showed that more β-sheet structure formed in the silk/PEG hydrogels than in the sonicated gels. This might be because of the presence of PEG molecules in solution enhancing hydrophobic interactions between silk molecules and promoting β-sheet structures versus the sonication (shear force)-induced silk gelation process. It is known that a high content of β-sheet structure is important for the stability Figure 1 . Appearance of compliant 3D printed scaffolds with various shapes and dimensions. The silk concentration used was 7.5%. A) Printing a disk-shaped construct with a defined size (13 mm) and pore size (≈1 mm). B) Printing a grid-shaped construct with up to 25 layers printed to reach a height of more than 2 cm. C) Designing and printing an ear-shaped construct. Rhodamine B as a model dye was encapsulated in the construct.
www.advancedsciencenews.com www.advhealthmat.de of silk biomaterials, making them more resistant to high temperature, acidolysis and proteolysis, and thus suitable for many biomedical applications. [29] 
Diffusion Properties
One important feature of hydrogels as cell scaffolds is sufficient diffusion of nutrients, oxygen, and waste products during cultivation. [30] Fluorescein isothiocyanate (FITC)-conjugated dextrans with different molecular weights were encapsulated in silk/PEG bioink gels and sonicated gels and their release was determined to reflect the diffusivity in the gels. The diffusion of low-molecular-weight FITC dextran (4 kDa) was rapid, with almost all the encapsulated dextran molecules released to the medium within 5 days ( Figure 3A) . For the high-molecularweight FITC dextran (40 kDa), diffusion was significantly retarded when compared with that of the low-molecular-weight FITC dextran (4 kDa), with 36.6% ± 5.8% released in 5 days (p < 0.05). Compared to the silk/PEG bioink at a silk concentration of 5% (w/v), the release of dextran 40k from the sonicated silk gel at the same concentration was retarded, albeit not significantly. The differences might be due to the micro-and nanostructures formed in two different types of gels. In fact, from the present and previous studies, [22, 27] the pore sizes of silk/PEG bioinks were ≈100 µm, larger than that in sonicated silk gels (≈60 µm), thus facilitating mass transport through gel matrices. With increased dextran molecular weights (up to 500k, Figure 3A ), the diffusion rates further decreased, indicating that nutrients and waste products were diffusible in silk/PEG bioinks, and the diffusivity was molecular weight dependent. Figure 3B shows the data of the cumulative release of dextran (40K) from silk bioinks and sonicated silk gels at different silk concentrations. As expected, with increased silk concentration from 3.75% to 7.5% (w/v), dextran release was reduced. To determine the diffusion of molecules from outside to the inside of the gel matrix, 7.5% bioink gel was exposed to 1 mg mL −1 FITC dextran 40k solution, and the penetration of dextran molecules (green fluorescence) was monitored over time using fluorescence microscopy (Laser Scanning Confocal Microscopy (CLSM) lympus FV1000, Olympus, Japan, Janpan, Ex488). As shown in Figure S4 (Supporting Information), the green fluorescence emitted from the gel reached maximum at about 45 min.
Rheological Properties
It is important to characterize rheological properties of bioinks as a useful printing paste should shear-thin under pressure (pass easily through the print nozzle) but hold the printed shape once www.advancedsciencenews.com www.advhealthmat.de pressure is released. [28] Silk/PEG bioinks at four silk concentrations (2.5%, 5%, 7.5%, and 10%, w/v) were prepared and their rheological properties characterized. Since the purpose of this experiment was to compare bioinks with different silk concentrations and to select the best gel condition for bioprinting, rheological measurements were performed at room temperature rather than 37 °C. The bioinks showed high viscosity at low applied shear stresses, exhibiting solid-like behavior. Like most polymer hydrogels, the silk/PEG gels exhibited shear thinning behavior, with viscosity changing proportionally in response to linearly decreasing shear rate ( Figure 4A ), which is critical for extrusion bioprinting. [29] Viscosity was dependent on silk concentration. So, to improve the shape fidelity of the bioink, the silk concentration can be increased ( Figure S1 , Supporting Information).
The frequency oscillation measurements showed that the storage modulus G′ and loss modulus G″ both increased for the 10% (w/v) silk/PEG bioink ( Figure 4B ). The storage moduli (G′) exceeded the loss moduli (G″) over the whole angular frequency range (G′ > G″), and both moduli were slightly dependent on frequency, indicating a typical gel structure under these conditions. [30] Figure 4B illustrates the final storage modulus for the four bioink compositions. The 10% (w/v) bioink had the highest final storage modulus (258 ± 2.5 kPa) while the 2.5% (w/v) bioink had the lowest (196 ± 3.0 Pa), suggesting that storage modulus was highly silk concentration dependent, and high concentration silk/PEG bioinks would be more preferred for 3D bioprinting due to better self-standing features than low concentration bioinks. It has been reported that bioinks need support/sacrificial materials to form 3D printed constructs when storage moduli (G′) were below kilopascals, while they were self-standing after printing when storage moduli (G′) were over kilopascals can. [6] [7] [8] [9] The results from our study agree with this conclusion. The self-standing capabilities of silk gel bioinks ( Figure S1 , Supporting Information) were correlated with their rheological properties, thus allowing optimization and control of shapes/resolution of constructs after printing.
Influence of PEG on Proliferation of hMSCs
PEG400 is a widely used injectable solvent in pharmaceutical industry to help dissolve water-insoluble drugs. [31] The PEG400 used in this study was pharmaceutical grade. Cytotoxicity was checked with the hMSCs to ensure the amount of PEG400 in the bioinks was within a safe range for the cells (Figure 5A ). For PEG concentrations of 0.1% and 0.5% (w/v) in the cell culture medium, the total cell metabolic activity was similar to that of the controls cultured on tissue culture plates (TCPs) in the absence of PEG400. For PEG concentration of 1% (w/v), the cell metabolic activity was significantly retarded, with the total cell metabolic activity significantly lower than that of TCP on day 5.5 (p < 0.05). When PEG400 concentrations increased to 2% and 5% (w/v), cells stopped growing. Thus, 1% (w/v) PEG400 was a critical concentration in the medium related to cytotoxicity. Microscopic images ( Figure 5B-G) confirmed the results for cell metabolic activity. Although fewer cells were observed in samples containing 1%, 2%, and 5% (w/v) PEG400 when compared to the lower concentration samples and TCP, the cells retained a stretched morphology in 1% and 2% (w/v) PEG samples but were rounded in the 5% (w/v) PEG sample, indicating a loss of cell functions.
Adhesion and Proliferation of hMSCs Cultured on PEG-Free Boinks
Noncellularized silk-PEG gel constructs were prepared and PEG was removed after printing. The silk/PEG bioink gels were thoroughly washed with PBS and culture medium as described in the Materials and Methods. After cell seeding, the total cell metabolic activity of cells that adhered on the silk/PEG bioink gels was similar for all the gel samples with gel concentrations ranging from 1.25% to 10% (w/v), but was much lower than that of the TCP sample (Figure 6 ). It has been reported previously that cell adhesion on sonicated silk gels, as well as on silk films, was not as high as on TCP, likely due to the hydrophobic nature of silk. [22a] The results from the present study were consistent with these previous studies. The cells adhered to the gel surfaces exhibited a stretched morphology, similar to those on TCP, indicating that residual PEG, if any, in silk hydrogel did not significantly affect cell functions (data not shown).
The total cell metabolic activity grew faster with increased gel concentrations ( Figure 7A ). The total cell metabolic activity determined for the 10% (w/v) gel increased more than 16 (calculated by the total cell metabolic activity value) at day 10 compared to day 1, whereas less than 2.5-fold for the 1.25% (w/v) and 4-fold for the 2.5% (w/v) gels at the same time. This may be due to the difference in gel stiffness, as 10% (w/v) gels are much stiffer than the low concentration gels, thus providing a mechanically stable surface for cells to spread and grow. Cell growth on the 10% and 7.5% (w/v) gels was even faster than on TCP, indicating the material properties of the high concentration gels (hydrophilicity, stiffness, and roughness) were suitable for cell proliferation. Figure 7B -F shows cell morphology determined by nuclear (DAPI) and cytoskeleton (F-actin, rhodamine-phalloidin) staining. In line with the total cell metabolic activity determination, hMSCs on the 10% (w/v) gel spread well and grew to a high density, similar to those grown on TCP. On low concentration gel surfaces, cells exhibited fiber-like morphology, but with thinner sizes compared to those grown on the high concentration gels. Thus, www.advancedsciencenews.com www.advhealthmat.de noncellularized silk-PEG gel can be used as a bioink with material properties supporting cell attachment and growth.
hMSC Proliferation in 3D Printed Constructs
Silk/PEG bioink gels (5%, 7.5%, and 10%, w/v) were preloaded with hMSCs and printed to form cellularized 3D constructs ( Figure 8A) . PEG was not removed in this case. The influence of the encapsulated cells on the rheological properties of the 7.5% (w/v) silk/PEG bioink was assessed. As shown in Figure S5 (Supporting Information), although a slight decrease of G′ and G″) was observed for the cell-laden bioink when compared to the empty bioink, the trends of modulus changes were similar for all samples. Furthermore, encapsulation of cells in the bioink gel did not significantly change the printability and self-standing properties of silk/PEG gel bioink. The printing process proceeded without blockage of the needle and homogeneity of the gel matrix was maintained. The oil-like PEG400 may have provided additional benefits to improve injectability of hydrogel in the printing process. [32] When sonicated silk gel (no PEG) at the same concentration was used in the same printing process, the needle became blocked, confirming the important role of PEG400 in making silk hydrogel highly printable. Interesting, a recently published paper reported that the presence of PEG segments on silk ionomer surfaces (silk-poly-l-lysine-PEG or silk-poly-l-glutamic acid-PEG) increased the friction coefficient of the surface when compared to the control surface in the absence of PEG, likely due to the interactions of the overlapped swollen and loopy PEG segments and shearing of asperities of PEG-modified surfaces that increased adhesive forces and shear strength. [29] It is worth noting that the PEG used in Figure 7. hMSCs proliferation on the surfaces of silk/PEG bioinks. A) Total cell metabolic activities determined by AlamarBlue cell viability reagent; B-F) Fluorescence microscopic images of the cultured samples on 10%, 7.5%, 5%, 2.5%, and 1.25% gels at day 5 with DAPI (blue) and rhodaminephalloidin (red) staining. N = 6. The symbols "*" and "**" indicate significant differences between groups for p < 0.05 and p < 0.005, respectively.
www.advancedsciencenews.com www.advhealthmat.de that study had higher molecular weight (≈1000 Da) than in the present study (400 Da), and the PEG molecules were covalently linked to the silk surfaces rather than blending with silk. In the future studies, it will be interesting to elucidate the interactions between low molecular weight, noncovalently bound PEG, and silk in the hydrogel matrix, as well as its role in modification of printability of silk bioink. The printing yielded 3D constructs with heights up to 4 mm and shapes were maintained in cell culture medium for extended time frames. To demonstrate that cell did not significantly sediment during the gelation process (≈30 min), we examined the numbers of green fluorescent (live) cells on both the top and bottom of the 3D printed constructs. As shown in Figure S6 (Supporting Information), cell numbers were similar for the top and bottom of the construct, indicating cells remained in suspension in the bioink before the solution fully gelled. The constructs cultivated in medium showed a large amount of live (green color) cells in a round morphology in the gel matrix (Figure 8B ,E-G). Few dead cells (red color) were detected in the constructs even after 12 weeks of cultivation ( Figure 8F ,G). When cell growth was checked for DNA content at different time points, it was found that compared to day 0, the DNA content determined at week 1 in 10% (w/v) bioink gels increased more than fourfold (calculated by DNA content value) ( Figure 8B ). Although the DNA content dropped ≈50% at weeks 2 and 3, they were still higher than that determined at day 0. Interestingly, although the DNA content dropped further at weeks 4 and 8, the numbers significantly rebounded at week 12 to a level almost twofold that at day 0, likely due to the degradation of the silk bioink gel that left more room for cell growth. When the 7.5% (w/v) gel was tested, the DNA content was unchanged within 4 weeks and then gradually dropped afterward. No cells were detected at week 12. For the 3.75% (w/v) gel, the DNA content decreased after 1 week of culture, and few cells could be detected afterward. Thus, cell proliferation in the silk/PEG bioink gels was silk concentration dependent, but surprisingly, higher concentration gels were superior to the lower concentration gels in terms of cell growth. Thus, cell proliferation in silk/PEG bioink gels was dependent on the silk concentration used, but surprisingly, higher concentration gels were superior to the lower concentration gels in terms of cell growth. This was contradictory to our previous observations with sonicated silk gels. [19] It will be interesting to elucidate the role of PEG in regulating the gel microenviornment, thus influencing cell behavior.
In Vivo Assessment of Silk/PEG Bioink Gels
Silk/PEG bioink gels with and without loading of fibroblasts (NIH/3T3) retained their original shapes during 6 weeks of subcutaneous implantation ( Figure 9A ). When H&E stained slides were checked, a tissue envelope formed outside the gels, with the cell-free gel supporting a thicker layer than the cell-loaded gel, similar to other silk hydrogels ( Figure 9B ,C). [33] Inside the envelope, it can be seen that the gel degraded into small pieces in the cell-free gels, leaving empty spaces where no cells were found at week 6 ( Figure 9B ,D,E). In the cell-loaded gels, cells appeared in the spaces between gel pieces were full of cells at week 6 (Figure 9C ,F,G). It is worth noting that cell penetration and growth in the empty gel did not occur during the entire implantation period (6 weeks), while the number of cells in the cell-loaded gel did not significantly change from the beginning to the end of implantation ( Figure S7 , Supporting Information), suggesting that the cells observed in the cell-loaded gels were those encapsulated at the beginning, but not those growing in from the surrounding tissues. Thus, the results indicated that the encapsulated fibroblasts survived gel preparation and processing and remained viable in the gel matrix after subcutaneous implantation in mice, consistent with the results from in vitro experiments. Certainly, these observations will need to be confirmed in future studies using more direct and quantitative detection approaches, such as using fluorescently labeled cells and immunostaining. The present study demonstrated that silk/PEG gel can be used as a bioink for 3D printing without the need of additional supporting materials or postprinting treatments, in contrast to most bioink systems using synthetic polymers. Since chemical crosslinkers and/or organic solvents are often needed for processing these materials, the printed noncelluarized constructs may have biosafety issues after implantation, and in some instances acidic degradation products may cause inflammation (Table S3 , Supporting Information). Other natural polymers, such as alginate and gelatin, have also been used as bioinks for 3D printing; however, they present relatively low mechanical strength and rapid degradation and chemical crosslinkers are often needed (Table S3 , Supporting Information). Thus, the silk/PEG bioink system developed in this study offered a new option for 3D bioprinting.
Conclusion
A silk/PEG bioink gel system was established using PEG400 to induce rapid gelation of the silk and injectability during printing, allowing self-standing gel constructs to be formed. The silk/PEG bioink was compatible with hMSCs that were loaded in the gel matrix, with high concentration gels (10%, w/v) supporting better cell growth than low concentration gels (7.5% and 3.75%, w/v). After subcutaneously implantation in mice, the 7.5% (w/v) bioink gel with and without fibroblast maintained shape and structure after 6 weeks, and a significant amount of cells remained alive in the gel matrix. The novel selfstanding silk/PEG gel system provides a new bioink for 3D cellbased bioprinting. Cell culture medium, cell staining, and other reagents were purchased from Life Technologies (Grand Island, NY). Danforth's short tail (SD) mice (20-25 g) were purchased from SLRC Laboratory Animal Co. Ltd (C57/BL6, Shanghai, China). The design of the animal experiments was approved by the ethical committee of Soochow University, China. All the animal experiments were performed in compliance with the Guiding Principles for the Care and Use of Laboratory Animals, Soochow University, China. Animals had free access to food and water.
Experimental Section
Preparation Silk Self-Standing Bioink: Silk lyophilized powder was dissolved in deionized (DI) water or cell culture medium, and mixed with cells (2.5 × 10 6 cells mL ). Self-standing bioinks were prepared by mixing equal volume of silk solution and 80% (w/w) PEG400, and the mixed solutions were incubated at 37 °C until gelled; according to previously published methods, [27] PEG 400 was mixed with different silk solutions at a fixed volume ratio of 1/1 to obtain varying silk concentrations and a constant PEG (40%, w/w) concentration in the mixture, as shown in Table S1 (Supporting Information). Figure 9 . Histological analysis on the explanted 7.5% silk/PEG bioink gels with and without cell loading after subcutaneous implantation for 6 weeks. Samples were subjected to H&E staining after fixation and slicing. A) Photographic images of bioink gels under the skin at week 6. B-G) Microscopic images on the H&E stained samples. 
Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR):
Self-standing bioinks were prepared in 2.0 mL Eppendorf tubes, washed with DI water to remove PEG, and freeze-dried using lyophilization (VirTis Genesis, Model 25L Genesis SQ Super XL-70, SP Industries, Warminster, PA). ATR-FTIR measurements were performed on a JASCO FTIR 6200 spectrometer (JASCO, Tokyo, Japan) combined with a MIRacleTM attenuated total reflection germanium crystal. Background and spectral scans were measured from 4000 to 600 cm −1 at a resolution of 4 cm −1 for 32 scans per sample. Sonicated silk hydrogels [22a] were prepared and used as controls. Deconvolution of the amide I spectra was performed using origin 8.0 and PeakFit v4.12. Protein secondary structures, turns, alpha-helix, random coil, β-sheets, and side chains were determined as described previously. [28] Rheology: The rheological properties of the bioinks were analyzed using the Advanced Rheometer AR 2000 (TA Instruments, UK) with a Peltier plate. All measurements were performed at room temperature. For viscosity, a cone−plate (40 mm, 1.99°) was used, and the shear viscosity was measured at shear rates from 0.01 to 1000 s −1 . An aluminum plate−plate (20 mm, gap = 300 µm) was used for modulus. A stress of 10 Pa was chosen for the oscillation frequency measurements conducted at a frequency range of 10 −1 to 10 2 Hz.
Permeability: Time-dependent tests of diffusion through self-standing bioinks were performed using fluorescein isothiocyanate dextrans (FITC dextrans, Sigma-Aldrich, St. Louis, USA) with different molecular weights (3-5, 40, 150, and 500 kDa). FITC dextrans were dissolved in 0.5 mL silk solution (15%, 10%, and 7.5%, w/v). The silk/FITC dextran mixtures were mixed with 0.5 mL of 80% (w/w) PEG400 so that the final concentration of FITC dextran was 0.2 mg mL −1 . Then, a 100 µL aliquot of the mixture was added to a 2 mL Eppendorf tube. The samples were incubated at 37 °C until the silk gelled, and 1.8 mL PBS buffer, pH 7.4, was added to each tube. After 0.5, 1, 2, 3, 5, 7, 10, and 15 days of incubation, the amount of dye in the release medium was determined by measuring fluorescence intensity (λ ex 490 nm, λ em 525 nm) using a plate reader (synergy H1 microplate reader (Bio-Tek, USA)). Each measurement was repeated six times.
3D printing: Self-standing bioinks were prepared in 5 mL syringes by mixing equal volumes of silk solution and 80% (w/w) PEG400, with gelation at 37 °C. The syringe was fixed onto the printhead carriage for printing, as shown in Scheme 1A. All geometries to be printed were designed by Solidworks (Dassault Systemes, Waltham, MA, USA) and converted into stereolithography (STL) files (Scheme 1B). These files were then imported into Repertier Host, slice STL files in Repetier Host with Slic3r to generate G-code instructions for the 3D printer, and printed via the Repertier Host. As shown in Figure 1C , the homemade 3D printer system was designed with the x-and y-axes controlled by NEMA 17 stepper motors, with the z-axis and deposition speed controlled by a NEMA 17 Dual Shaft stepper motor. The printing parameters were optimized based on (a) stable extrusion during printing (deposition speed), (b) no extra extrusion after stopping printing (deposition speed), (c) generation of clear patterns with interconnected filaments by rectilinear and octagonal infill in algorithms (x-and y-axis speed), (d) overlap between different layers (height of layer), and (e) selfstanding complex biological structure and defined porosity (fill density and height of layer). Based on the literature, [17, 23] a range of printing parameters were tested and the optimized parameters used in the study are summarized in Table S2 (Supporting Information).
3D Printed Scaffolds with Various Shapes and Dimensions:
To evaluate different silk-based ink formulations, 3D constructs with various shapes and dimensions were printed, with silk ink concentrations (2.5-10%, w/v) optimized to meet the printing requirements. For example, circles were printed for studying ink resolution (smallest structure) while squares were printed for studying ink mechanical strength (highest structure).
hMSC Isolation and Expansion: hMSCs were isolated from the total bone marrow aspirate from a healthy, nonsmoking male under the age of 25 (Lonza, USA) using our established protocols. [34] Passage 0 cells were thawed in a 37 °C water bath, washed with 45 mL Dulbecco's modified Eagle medium (DMEM), diluted in expansion medium, and plated in three-layer 175 cm 2 flasks (Corning, USA) at a density of 10 000 cells cm −2 . The cells were cultured at 37 °C with 5% CO 2 in a Scheme 1. Schematic of 3D printing process. A) Preparation of 3D printing bioink. B) Imaging and digital design. C) 3D bioprinting process. humidified environment, with expansion medium changed every three days. Expansion medium consisted of DMEM, 10% fetal bovine serum (FBS), 1% nonessential amino acids (NEAA), 1 ng mL −1 bFGF, and 1% antibiotic/antimycotic (ThermoFisher Scientific, USA). The adherent cells were allowed to reach 80% confluence, after which they were trypsinized and frozen in liquid nitrogen. Second or third passage cells were used for experiments. hMSCs Adhesion and Proliferation on Self-Standing Bioinks: Selfstanding bioinks (PEG-silk gels) were prepared as described above. For all cell culture experiments, 150 µL hydrogels in 24-well plates were washed twice with 2 mL Dulbecco's phosphate-buffered saline (DPBS), pH 7.4, and once with 2 mL cell culture medium (DMEM containing 10% fetal bovine serum and 1% antibiotic/antimycotic) for 72 h, before seeding the cells. For cell adhesion tests, 75 000 cells cm −2 were seeded on the hydrogels, and cultured in 1.5 mL cell culture medium for 2.5 h. After cultivation, the hydrogels were washed twice with DPBS to remove nonattached or dead cells, followed by the addition of fresh medium. After incubation for 4 h with 10% (v/v) AlamarBlue cell viability reagent (Molecular Probes, Life Technologies, Grand Island, NY), cell adhesion was assessed by determining the fluorescence intensity (λ ex 530 nm, λ em 590 nm) in the culture medium using a SpectraMax M2e Microplate Reader (Molecular Devices, USA). Cells were further cultured 12 h in new fresh medium, and stained with calcein acetoxymethyl ester (calcein AM) and Ethidium Homodimer I (live/dead assay, Invitrogen) according to the manufacturer's instructions. Live (green) and dead (red) cells were visualized with a fluorescence microscope (Axiovert 40 CFL Carl Zeiss Inverted Microscope).
For cell viability analysis, 1000 cells cm −2 were cultivated on the PEG/silk hydrogels for 15 d, and the medium was refreshed every three days. At designated time points (days 1, 3, 5, 7, 10, and 15), the culture medium was discarded, and the cells were washed with PBS and incubated in the AlamarBlue cell viability reagent along with fresh cell culture medium in a ratio of 1:10. After incubation for 3 h, 100 µL mixture was transferred into 96-well black microplate (corning, USA), and the fluorescence intensity (λ ex 530 nm, λ em 590 nm) was read using a SpectraMax M2e Microplate Reader (Molecular Devices, USA). The samples were then incubated in fresh medium until the next designated time point. For imaging, cells were fixed with 4% paraformaldehyde in PBS (pH 7.4) for 5 min at room temperature and washed three times with PBS, and were kept at 4 °C until use. The actin cytoskeleton and DNA were visualized by staining with rhodamine-labeled phalloidin and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), respectively, using a Keyence BZ-X710 fluorescent microscope (Keyence, USA).
hMSC Proliferation in the Culture Medium Containing PEG400: hMSCs were expanded in 175 cm 2 flasks. When the cell density reached ≈80% confluence, the cells were harvested and reseeded into 24-well plates at 1500 cells cm −2 . After 12 h adhesion, cell culture medium was aspirated and different dosages of PEG400 (0.1%, 0.5%, 1.0%, 2.0%, and 5.0%, w/v) were added and the concentrations of PEG400 in the medium were maintained constant during the culture. At designated time points (0.5, 1.5, 3.5, 5.5, 7.5, 10.5 d), cell viability was assessed using AlamarBlue cell viability reagent. In short, cell culture medium was aspirated and cells were incubated in 250 µL new FBS-free DMEM containing 10% (v/v) AlamarBlue cell viability reagent for 3 h. Thereafter, 100 µL of cell culture medium was transferred to a new 96-well plate (Conning). The fluorescence was measured using a microplate reader and parallel cells were stained with calcein AM and Ethidium Homodimer I (Invitrogen) according to the manufacturer's instructions. Live (green) and dead (red) cells were visualized with a fluorescence microscope (Axiovert 40 CFL Carl Zeiss Inverted Microscope, Germany).
Printing Cell-Laden Constructs with Silk-Based Bioink: The frozen Passage1 (P1) cells were thawed, washed with medium without FBS, suspended in growth medium, and plated in three-layer tissue culture T175 flasks (conning, USA) at a density of 10 000 cells cm −2 . The cells were expanded and passaged in a humidified incubator at 37 °C. P2 cells were grown to 80% confluency, trypsinized, suspended in DMEM, and then mixed with silk at a volume ratio of 1:2. The silk concentration in the mixed solution was 3.75%, 7.5%, and 10% (w/v), and the cell concentration was 2 × 10 6 cells mL −1 . Bioink was prepared by mixing the silk/cell mixture with the same volume of 80% (w/v) PEG 400 solution in a dual syringe system that used a Female Luer-lock to female Luer lock connector (Vygon Corporition, GA, USA) to connect the two syringes. The silk/cell/PEG mixture in the syringe was incubated in a humidified incubator at 37 °C until solution gelled in about 30 min.
3D printing: Cell-loaded bioprinting was performed as optimized in Section 2.3. After printing, the cell-laden constructs were washed with PBS buffer, pH 7.4, for three times, followed by washing with FBS-free DMEM medium once and then culturing in DMEM medium, 10% fetal bovine serum, 1% NEAA, 1 ng mL −1 bFGF, and 1% antibiotic/ antimycotic (ThermoFisher Scientific, USA).
Live/Dead Assay of the Constructs: Cell viability after printing and in the culture medium was assessed at weeks 1, 2, 4, 6, 8, and 12 by performing a live/dead assay. Live and dead cells, as well as the scaffolds, were visualized under Keyence BZ-X710 fluorescent microscope (Keyence, USA).
DNA Quantification: At designated time points (weeks 0, 1, 2, 4, 6, 8, and 12), constructs were washed with DPBS and frozen at −80 °C. All the constructs were digested in 1 mL of papain solution (125 µg mL −1 papain in 0.1 m sodium phosphate with 5 × 10 −3 m Na 2 -EDTA and 5 × 10 −3 m cysteine-HCl at pH 6.5) for 16 h at 60 °C, followed by centrifugation at 10 000 rpm for 60 s to remove silk and cell debris. The supernatant after centrifugation was moved to an empty tube and an aliquot (100 µL) was pipetted and mixed with 100 µL working solution of Quant-iT PicoGreen, and the mixture was incubated for 2 min in darkness. The fluorescence was determined using a fluorescence spectrophotometer (480/520 nm), and DNA content was calculated based on the instruction of QuantiTTM PicoGreen assay kit (ThermoFisher Scientific, USA).
In Vivo Subcutaneous Implantation: The silk/cell/PEG bioink gels in a silk concentration of 7.5% was prepared as described above (2 × 10 6 NIH 3T3 cells mL −1 ). After gelation, ≈50 µL of hydrogel in the syringe was subcutaneously implanted into the back of mice. At week 2, 4, and 6 postimplantation, animals were euthanized and the specimens along with the adjacent tissues were collected for histological examination. Cell-free gels were used as control. Explants were fixed in 4% paraformaldehyde and embedded in paraffin following incubation in xylene and graded ethanol. Samples were sectioned, placed on glass slides, and cleaned with removal of paraffin. Sections were then stained with hematoxylin and eosin (H&E) (Sigma-Aldrich, St. Louis, MO) to visualize cell nuclei and cytoplasm. Following staining samples were imaged using a fluorescence microscope (Axio Vert.A1, Carl Zeiss, Germany).
Statistical Analysis: Data are expressed as mean ± standard deviation. One-or two-way analysis of variance was used to determine statistically significant differences by statistical product and service solutions. Values with p < 0.05 were considered significant, and values with p < 0.005 were considered very significant, which indicated in the figures as "*" and "**," respectively.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
